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Abstract
The early stage of electrochemically-induced Fe(001) passivation is investigated via a sub-second
resolution real-time X-ray reflectivity technique. Static measurements clearly demonstrate that the
passive layer is composed of two distinct layers comprising a dense inner oxide layer and a loosely
packed outer layer. The growth of the inner passive layer is mostly completed within 1 s, while the
growth rate in the later process is much slower and is qualitatively consistent with typical growth
models such as the high-field model and point defect model. The rate-determining mechanism in
the early stage is clearly different from that in the later stage.
a e-mail: fujii@crystal.mp.es.osaka-u.ac.jp
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INTRODUCTION
Passivation of iron at the metal–liquid interface has been studied for decades because of
its social importance as well as its archetypal nature in terms of electrochemical reactions.
The reactivity of iron is blocked by a barrier layer that spontaneously grows at the inter-
face, whose stability is electrochemically controlled. The formation of a barrier layer at a
solid–liquid interface is a non-equilibrium phenomenon, which adds further difficulty to the
already formidable task of developing a good physical understanding of an interface and
of a liquid. Even the phenomenological interpretation of this barrier layer formation has
been discussed with various models such as the high-field model (HFM)1 and point defect
model (PDM)2, reflecting the long-standing controversy. Nowadays, the PDM achieves an
atomistic picture, while first principles calculations are used to examine the HFM-based
picture from an atomistic point of view3. The steady-state structure of the passivation layer
has been studied with various techniques. Ex situ electron diffraction measurements reveal
that the passivation layer consists of two layers.4 The inner layer is believed to be a de-
fective spinel structure such as defective Fe3O4(magnetite)
4–9, γ−Fe2O3 (maghemite)6,7 or
an LAMM structure10,11, as evidenced by results obtained via electron diffraction4, surface-
enhanced Raman scattering (SERS)5–7, X-ray absorption near-edge structure (XANES)8,
scanning tunneling microscopy9 and X-ray diffraction10,11. The chemical composition of the
outer layer is still under discussion, though the materials suggested by SERS are γ-FeOOH5,
ferric oxide6,7, hydroxide6,7 and oxyhydroxide6. The inner layer is composed of only the metal
(in this case, Fe) and oxygen, while the outer layer may also involve the solvent.
To understand the temporal and spatial aspects of the passivation process, in situ mea-
surements are inevitable. The typical method used is a current measurement obtained
during the electrochemical reaction, which detects the total amount of reaction with great
sensitivity. Although measuring the current is useful for temporal information, the spa-
tial information is missing. So far, most of the spatial information of the barrier layer has
been extracted from ellipsometry measurements12–14. The interpretation of these methods,
however, requires making some assumptions regarding the spatial structure of the barrier
layers, such as the homogeneity of the barrier layer material. Thus, any gradual change
in the chemical composition of the film is usually neglected for ease of analysis. Another
non-contact technique that overcomes the difficulty of interpreting results is the X-ray reflec-
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tivity measurement. The advantage of this method is that the scattering process is totally
straightforward, and measures the electron density distribution as a function of depth with
sub-nanometer resolution. These characteristics of this technique make it ideal for the in
situ measurement of barrier layer structures. The main disadvantage of the X-ray reflectivity
method, however, is the long measurement time required (on the order of 1–10 min), which
limited the time resolution of Kim et al.’s15 previous reflectivity study of iron passivation to
about 30 s.
In the present study, we report on the time evolution of the passivation of an iron single-
crystal (001) surface in pH 8.4 borate buffer solution measured with state-of-the-art time-
resolved synchrotron X-ray reflectometry. Our in situ X-ray reflectivity measurement clearly
demonstrates a double layer formation after 20 min of growth time. The electron density of
the inner layer is well explained by magnetite or γ-Fe2O3. The electron density of the outer
layer is only 56(2) % of magnetite, however, which is too low for any iron oxide or hydroxide
and suggests that the outer layer is loosely packed. The X-ray detector improvements of
recent years have allowed us to perform X-ray reflectivity measurements with sub-second
time resolution16,17. The time-resolved measurement exhibited the early stage of the inner
layer growth, though the data quality did not allow us to examine the growth procedure
of the outer layer. The inner layer grows very quickly in the first 1 s after the potential
step from −0.8 V to +0.3, +0.5 or +0.7 V vs. Ag/AgCl electrode. After a few seconds,
the growth rate reduced to a moderate value. Such time evolution in the early stage of the
film growth qualitatively agrees with previous ellipsometry reports12,14, in which only one
homogeneous oxide layer was assumed.
EXPERIMENT
In situ X-ray reflectivity experiments with a 25 keV monochromatic X-ray beam were
performed at the BL13XU of SPring-8, Japan. The scattered X-rays were collected by a
two-dimensional pixel array detector PILATUS 100K (Dectris, Switzerland). An Fe single
crystal, whose dimension was 7 mm × 9 mm, was polished to expose the (001) plane with
a root mean square roughness of 4 A˚. The crystal was set in an electrochemical cell18 so
that the shorter side was perpendicular to the incident X-ray beam, and was immersed in
pH 8.4 borate buffer solution. The buffer solution was continuously circulated to avoid any
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possible effect from dissolved iron ions19 and degassed by N2 gas bubbling. The electric
potential of the Fe crystal, V , was controlled by a potentiostat relative to the Ag/AgCl
reference electrode. Throughout this paper, all potentials are quoted relative to the Ag/AgCl
electrode. During the entire measurement, the potential was kept at −0.8, +0.3, +0.5 or
+0.7 V to avoid iron dissolution, which causes the surface to be rough. The static passive
film structures were measured at V = +0.3, +0.5 and +0.7 V, and the iron surface without
the passive film was measured at V = −0.8 V. The surface was cleaned by cathodic reduction
at −0.8 V for 30 min prior to beginning the measurement. The time evolution of the passive
film was measured under potentiostatic control. The potential was switched from −0.8 V
to either +0.3, +0.5 or +0.7 V at the time t = 0 s. The measurement was continued until
t = 37 s for +0.3 and +0.5 V and until t = 1834 s for +0.7 V.
RESULTS AND ANALYSIS
Static structure
X-ray reflectivity profiles of the Fe(001) surface at various potentials measured 1200 s
after potential switching from −0.8 V are shown in Fig. 1, together with the results of data
fitting. Clear reflectivity oscillations as a function of qz, the surface-normal component of
the scattering vector, observed above +0.3 V indicate that passive films exist on the iron
substrate. Profile fittings were performed using the GenX 2.4.1020 software to reproduce
the electron density profiles. For the fitting, the structure was modeled by three slabs and
with seven refinement parameters of the electron density, the thickness and roughness of
two slabs (where these two slabs represent passive layers with different densities), and the
roughness of the iron surface. The electron densities of iron and the borate buffer solution
were fixed. The obtained electron density profiles ρ(z) are shown in Fig. 2. The negative z
region corresponds to the iron single crystal for all potentials. Profiles for V = +0.3, +0.5
and +0.7 V clearly show that the iron passive film is a bilayer. To validate this result, the
fittings using monolayer and bilayer slab models were compared in Fig. 3. The fitting using
a monolayer model is seen to deviate from the experimental result around qz = 0.15 A˚
−1,
while the fitting using the bilayer model reproduces the entire measured profile. The outer
layer is seen to affect the reflectivity profile in the region of low qz. Our reflectivity study is
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the first report that definitely confirms the existence of an outer layer in the solution that
does not contain a considerable amount of iron ions, although the existence of an outer layer
has been previously suggested and intensively investigated4,6,8. The electron density and
thickness of the outer layer are nearly independent of the potential. The average outer-layer
electron density among the measurements at +0.3, +0.5 and +0.7 V is 0.86(3) A˚−3, which
is 60 percent of an inner-layer density of 1.47(5) A˚−3. The voltage dependence of the inner
film thickness obtained herein is very similar to those previously reported by ellipsometry13
and X-ray reflectivity15.
Time evolution
Stationary photograph method
Measurement of the reflectivity profile from an ideal flat surface with a monochromatic
parallel X-ray beam requires mechanical movement of the diffractometer, which has a high
time cost. To reduce the time required to measure the reflectivity profile, a stationary
measurement method is required16,17,21. In the case of iron, the crystal is not an ideal crystal
but a mosaic crystal, and the surface correlation length is finite. Such imperfection makes
the reflectivity profile broad, as schematically shown in the inset of Fig. 4. A stationary
photograph measures the surface of the Ewald sphere, which intersects a finite range of the
reflectivity profile along the surface normal direction qz. The experimental configuration is
the same as grazing-incidence small-angle X-ray scattering. This method no longer involves
any mechanical scans, and thus the time resolution relies on the frame rate of the detector.
To verify the efficacy of this technique, we compared the intensity profiles measured by the
ordinary mechanical scan method and those by this stationary method. Figure 4 shows the
intensity profiles measured by the ordinary method (black, I(V, qz)) and by the stationary
method (red) at the Fe potential of V = +0.7 V. The stationary method profile presented
in Fig. 4 was normalized by I(−0.8 V, qz)/Ist(−0.8 V, qz), where Ist(V, qz) stands for the
intensity at qz measured by the stationary method at the potential V . The intensity profiles
measured by the two methods are very similar, and thus the stationary method is a valid
way to investigate the time evolution of the surface structure of iron.
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Time evolution of the inner-layer thickness
The time evolution of the reflectivity profile is plotted in Fig. 5, wherein the potential was
switched from −0.8 to +0.7 V at t = 0 s. In this measurement, the incident angle was set at
0.2 ◦, which is larger than the iron critical angle of 0.11 ◦. In this plot, a moving average along
the time direction was applied to the 25 ms-step original data to obtain better statistics,
and thus the effective time resolution herein was 125 ms. After switching the potential, the
intensity distribution drastically changed within the first 1 s. The monotonically-decreasing
intensity profile observed at −0.8 V clearly exhibits an oscillation after 0.7 s. This behavior
indicates that the majority of the passive film is formed within 1 s after switching the
potential. The thickness L at each time step was calculated from the position of first peak
in the reflectivity profile. For this calculation, the refractive index of the inner-film was
estimated using the average electron density observed in the static measurements. The time
dependence of the inner-layer thickness is plotted in Fig. 6. The trend in the early stage
(t < 1 s) seems clearly different from that in the later stage (t > 3 s).
DISCUSSION
Static structure
A number of studies have suggested various types of possible inner layer structures.
Among them, γ-Fe2O3, Fe3O4 and LAMM
10,11 are widely accepted candidates. The LAMM
structure was proposed through a structural refinement of the X-ray diffraction experiment.
The electron densities of Fe3O4, γ-Fe2O3 and LAMM are 1.53, 1.40 and 1.26 A˚
−3. Our
experiment shows that the average electron density of the inner layer was 1.47(5) A˚−3,
which lies between that of Fe3O4 and γ-Fe2O3. This result can be interpreted that the
inner layer is either defective spinel, in which cation occupancy is larger than γ-Fe2O3, or
naoncrystalline (defective) Fe3O4, possessing a low-density grain boundary. This result is
inconsistent with the LAMM structure, suggesting that the chemical composition of the
inner layer depends on the growth condition.
The outer-layer structure has been proposed as a hydroxide or oxyhydroxide. The typical
electron density of a hydroxide or oxyhydroxide single crystal is ∼1 A˚−3, such as 0.99 A˚−3 for
α-FeOOH 22, 0.95 A˚−3 for γ-FeOOH 23, 1.03 A˚−3 for Fe(OH)224 and 1.03 A˚−3 for Fe(OH)325.
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The electron density of the outer layer observed in this experiment was 0.86(3) A˚−3, and is
therefore lower than that of a typical hydroxide or oxyhydroxide single crystal. Therefore,
the outer layer is suggested herein to comprise an amorphous or porous structure of hydroxide
or oxyhydroxide whose density is 80 to 90 % of the crystalline form.
Time evolution of the inner layer growth
As mentioned in the Introduction, there are several major theoretical interpretations
for the passivation process. In these theoretical models, the film growth rate dL/dt is
proportional to either exp(−AL) or to exp(A′/L), where A and A′ are constants. The iron
passivation process fits both functions12. Our result is also reproduced by both functions,
excepting the very early stage of the passivation process. The later stages of the time
evolution obtained herein corresponds well with a previous report15. The early stage of the
passivation, however, has previously only been studied by ellipsometry and by measuring
the current caused by the reaction14. Our result presents spatial resolution without any
assumptions of interpretation, and is thus worth examining.
Figure 7 shows dL/dt as a function of L (a) and 1/L (b), where the insets to both plots
show the results for V = +0.7 V in a wider range. The derivative dL/dt calculation is
sensitive to statistical noise, thus the number of data points was reduced herein by adding
a series of images to improve the statistics. We observed a clear deviation from the linear
dependence of log(dL/dt) on L or on 1/L in the range of dL/dt >1 A˚/s, where the deviation
indicates the change in the rate limiting process. A similar time evolution was also reported
by ellipsometry12,14, in which only one homogeneous barrier layer was assumed. To under-
stand the nature of this deviation, we refer to the report of an electric current measurement
during the passivating process of Al1, wherein the HFM regime begins ∼1 s after the po-
tential step initiates. The 100 ms time scale regime of the film growth is explained by the
formation of the space charge by mobile ions. A similar discussion was also made for the
PDM model26, which qualitatively explains the upper limit of the dL/dt as a function of L.
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CONCLUSION
Time-resolved X-ray reflectivity measurements were performed during the Fe(001) passi-
vation process in a pH 8.4 borate buffer solution. In the static measurement, we observed
a double layer that spontaneously formed in a certain Fe potential range, which validates
the commonly-held understanding of the iron passivation layer structure. The time-resolved
measurements show the signature of ionic movement during the space charge layer formation
in the barrier layer, which has previously been reported only from current measurements.
The overall feature of iron passivation conceived so far was thus reinforced by our temporal
and spatial measurements herein, even in the space charge formation regime.
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FIG. 1. X-ray reflectivity profiles under potentiostatic control. Solid lines are the results of fitting
using slab models composed of three slabs (i.e., iron substrate, inner-layer and outer-layer). The
profiles measured at +0.3, +0.5 and +0.7 V clearly oscillate.
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FIG. 2. Reproduced electron density profiles 1200 s after switching potentials. At +0.3, +0.5 and
+0.7 V, passive films are clearly shown as a bilayer. The average electron density of the outer layer
is found as 0.86(3) A˚−3, while that of the inner layer is 1.47(5) A˚−3.
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FIG. 3. Comparison of fitted X-ray reflectivity profiles and electron density profiles (inset) at
+0.7 V using monolayer and bilayer models. The monolayer fitting clearly deviates from the
experimental data around qz = 0.15 A˚
−1.
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FIG. 4. Comparison of intensity profiles at +0.7 V measured by the ordinary scan method
I(+0.7 V) and stationary photograph method Ist(+0.7 V) with an exposure time of 10 s. The
profiles show good agreement. (Inset) Schematic of the broad reflectivity profile in reciprocal space
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FIG. 5. (a)Time evolution of the scattered intensity after switching the potential from −0.8 to
+0.7 V. Intensity profiles drastically change in 0 s < t < 1 s. (b)Scatter plot of the intensity profile
at the early stage.
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FIG. 6. Inner-layer thickness, L, as a function of time, t, after the potential step from −0.8 to +0.7
(black), +0.5 (red) and +0.3 V (green). All data sets exhibit the same trend in which growth rates
at the early stage (t < 1 s) are different from that in the t > 3 s region. (Inset) Results for longer
timescales. The slow process proceeds with the same trend until the end of the measurement.
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